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Densification mechanisms suggested

for Flash Sintering
Solid-state sintering
Avalanche of point defects
Bulk phenomenon

Liquid-film assisted sintering
Liquid film
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The power peak is Artificial

Al2O3-TiO2 composite
Jha, Lebrun, Raj, J. Eur. Ceram. Soc. 36 (2016) 733
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The power peak is Artificial

Densification
takes place at
the flash

Al2O3-TiO2 composite
Jha, Lebrun, Raj, J. Eur. Ceram. Soc. 36 (2016) 733
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The power peak is Artificial

Energy input for
densification
mechanism

Al2O3-TiO2 composite
Jha, Lebrun, Raj, J. Eur. Ceram. Soc. 36 (2016) 733
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Invasion Percolation Model via surface softening
1. Joule heating at critical particle contacts  local melting.
2. Incubation time is associated with the percolation threshold.
3. Current percolation through the melt.

No current limit:

Dielectric breakdown

Current limit: Current control forms local melts throughout
the specimen  Particle wetting and rearrangement by
capillary forces.
Chaim, Chevallier, Weibel, Estournes, J. Appl. Phys. 121 (2017) 145103
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Thermodynamics of Liquid-film formation

Alumina

Chaim, Estournes, J. Mater. Sci. 53 (2016) 6378-89

13

Chaim, Estournes, J. Mater. Sci. 53 (2016) 6378-89
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Thermodynamics of Liquid-film formation
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Densification during Flash
Sintering
by Liquid-film Capillary
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Liquid-film assisted Sintering
The capillary force in the presence of liquid is equivalent to
externally applied pressure of:
𝑃𝑒𝑥𝑡

𝛾𝑙𝑣
= 2𝜋 2 ∙
cos 𝜃
𝑟𝑝

lv - liquid-vapor surface energy
rp - particle radius
 - wetting angle

R.B. Heady, J.W. Cahn, Metall Trans 1 (1970) 185-189
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Liquid-film Sintering Kinetics
The main question is:
Are the kinetics of these processes fast enough to fulfill

a few seconds durations of the flash sintering process.

Therefore, our main target is to evaluate the time scale
of the wetting and rearrangement processes using the
existing models.
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Electro-osmotic / Capillary liquid flow
 We checked the electro-osmotic forces and velocities

and capillary forces and velocities.
 For electric fields perpendicular and parallel to the

liquid at the contact.
 For jammed particles and free-to-move particles.

Chaim, Scripta Mater. 158 (2019) 88-90
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Electro-osmotic liquid flow
 The terminal velocity, V of the molecule (cation with two anions)
in the liquid film at the particle contact subjected to external
electric field parallel to the film is:
𝑍 ∙ 𝑒𝐸
𝑉=
4𝜋𝑎
Z - cation valence electrons

e - electron charge

E - electric field

 - viscosity of the liquid

a - average molecule radius
Chaim, Scripta Mater. 158 (2019) 88-90
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Electro-osmotic liquid flow
 The flow speed of the anionic polyhedra under the electric field

at the edges of the liquid film and against the drag by the
positive ions at the double-layer.

MgO-doped Al2O3 @ 1000 V/cm
Al2O3 melt: Z = 3, a = 0.319 nm
Viscosity of 0.044 [Pas] at 2323K

Terminal velocity: 272 ms-1
Chaim, Scripta Mater. 158 (2019) 88-90
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Electro-osmotic liquid flow
 The directional symmetry of the electric field imposes
directional flow in the field direction (Posieuille flow).
 If one particle is free of geometrical constraints, the viscous
drag may shear it from its neighbor (Couette flow).
Particle rearrangement is accelerated
by particle sliding and rotation
assisted by the electro-osmotic flow.
Chaim, Scripta Mater. 158 (2019) 88-90
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Capillary driven liquid flow
 Superposition of the acting forces to highlight the effect of
the capillary forces on the flow of the Liquid-film.
 The liquid at the contact leads to capillary forces that are
balanced by the viscous drag.
 We assumed that the melt at the contact flows radially
between the two particles.
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Capillary driven liquid flow
 Following the velocity profile between two fixed and parallel

disc surfaces (Posieuille flow).
 The maximum radial flow rate of the liquid due to pressure

gradient P expressed as:
𝑢𝑚𝑎𝑥

b is the liquid film thickness,
 is the liquid viscosity

∆𝑃 𝛿𝑏 2
=
𝑟2
2 𝑟 𝑙𝑛
𝑟1

r is the radial distance somewhere between
r1 (disc center) and r2 (disc perimeter)
where the external pressure gradient exist
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The case of particle neck wetting
 The driving force for wetting is the internal capillary force due
to the curvatures at the liquid meniscus.
 The pressure gradient is:
∆𝑃 = 𝛾𝑙𝑣

1
2
−
𝑟2 𝛿𝑏

lv is the liquid-vapor surface energy
r2 is the contact radius
Two curvatures with positive and negative signs
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The Maximum flow velocity
 The maximum flow velocity at the film perimeter, r2, is:

𝑢𝑚𝑎𝑥 = 𝛾𝑙𝑣

1 2
𝛿𝑏 2
−
𝑟2 𝛿 2 𝑟 𝑙𝑛 𝑟2
2
𝑟1

The above equations based on the steady state flow conditions.
Nevertheless, we are interested in the liquid flow at the early
stages of the wetting hence, our calculations may be estimates.
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The Maximum flow velocity
 Example: MgO-doped Al2O3
 rp = 50 nm, lv = 0.7 Jm-2
 Liquid film thickness of b = 1.5 nm
 Assuming a dry neck to particle radius ratio 0.02 in the

green compact, hence r1 = 0.02rp
Wetted neck to particle radius ratio of 0.10 and 0.20
that correspond to neck radii of 5 nm and 10 nm

Maximum flow velocities of 1.04 ms-1 and 0.48 ms-1
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The Maximum flow velocity
 These extremely high velocities indicate that liquid flow is
instantaneous (i.e. from the time of its formation at the
neck center) hence the neck is fully wet and the liquid
reaches the neck meniscus within tens of nanoseconds.
 Comparison of the ion velocities in the melt:
Capillary force effect >> Electric field effect
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Is there any residual amorphous phase?
 Solidification of the melt by epitaxial (heterogeneous) nucleation
 Most favorable on its counterpart solid substrate.

 The nucleation energy barrier needed for such a critical nucleus:
∗
∆𝐺ℎ𝑒𝑡

16 𝜋 𝛾𝑠𝑙 3
=
𝑆 𝜃
2
3 ∆𝐺𝑣

sl - solid-liquid specific interface energy
Gv - free energy change per unit volume due to the nucleus
S () - nucleus shape factor that depends on the contact angle 
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Sudden & drastic increase in dissipated Power

R. Raj J. Am. Ceram. Soc. 99 (2016) 1400
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Conductivity increase vs. furnace temperature

10 mol% Gd - CeO2
20 mol% Gd - CeO2
20 mol% Sm - CeO2

Onset Temperature
for Flash event

T. Jiang et al. J. Am. Ceram. Soc. 98 (2015) 1717
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Chaim, Estournes, Scripta Mater 163 (2019) 130-132
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Chaim, Estournes, Scripta Mater 163 (2019) 130-132
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Summary & Conclusions

 The kinetics of flash sintering assisted by a liquid-film
is in agreement with the experimental time scales of a
few seconds.

 Joule heat provides the activation energy for local
surface softening / melting.

 Thermal runaway is an endothermic local melting of
the particle contacts. The transient liquid solidifies
after the particle rearrangement.
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Summary & Conclusions

 Homologous crystallization of the local melt after
particle rearrangement is energetically preferred due

to the exothermic nature of solidification.
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